Abstract. This paper presents a comparative analysis between a three-phase and a six-phase Permanent Magnet Synchronous Generators (PMSGs) used for small power wind turbines with battery storage. Both studied PMSGs are equipped with diode rectifiers connected across the stator windings terminals. The numerical results are obtained using a 2D Finite Element (FE) analysis of field-circuit coupling type and they emphasize the pros and cons of using three-phase or six-phase PMSGs. The performance analysis includes the evaluation of torque ripples, machine efficiency, voltage and current waveforms and their harmonic distortions, etc. A part of the numerical results are validated by experimental measurements.
Introduction
Various types of electrical generators are used for wind turbines such as: doubly fed induction generators, squirrel cage induction generators, electromagnetic excitation synchronous generators or permanent magnet synchronous generators [1] - [2] .
Among the best candidate solutions for wind turbines the Permanent Magnet Synchronous Generator (PMSG) presents the highest efficiency that may easily reach 85%, even for machine configurations with large number of poles (e.g. electric machines for gearless systems) and small power [1] , [3] .
Another important advantage of PMSGs refers to the high energy density per volume unit, an important issue in wind turbines technology where the overall weight of the nacelle with all the equipment inside should be as low as possible. PMSG offers also a high power factor and a superior reliability due to the lack of sliding contacts. Highly reliable equipment is typically preferred for wind turbines because the maintenance and interventions in remote areas are very costly (especially in case of off-shore wind turbines). If the high power wind systems connected to the grid are widely analyzed, similar systems with battery storage are less studied. The wind turbines with energy storage in batteries are generally used as common power supply solutions for off grid low power applications such as: isolated households, consumers unconnected to the grid, remote communication systems, pumping and irrigation systems etc. [2] . A pioneering research project recently implemented in US tries to extend this energy production/storage concept to other levels. This project proposes a special system for electric energy storage in huge capacity batteries (several GWhs) aimed to be used as load leveling solution for power grids [4] . Gradually, with the drop of the batteries price, such systems could represent interesting and reliable solutions able to store the wind energy in excess and to deliver it to the grid when necessary.
A PMSG based wind conversion system with battery storage requires usually the presence of a controlled or uncontrolled diode bridge rectifier interposed between the generator and the battery [1] . The uncontrolled rectifiers are cheaper but they may provoke current harmonics in the PMSG phase windings [5] . The controlled rectifiers are more expensive but, if well designed, they can improve the phase currents waveform of PMSG reducing the harmonics amplitudes.
Though the PMSGs for wind turbines are typically equipped with a three-phase winding, several multi-phase variants were analyzed in the last years [6] - [7] . The advantages of a multi-phase PMSG compared to the classical three-phase variant can be summarized as follows: the high currents (in case of large power machines) may be divided among several phases, low harmonic distortion and lower acoustic noise at the same power level, improved efficiency, better stability, higher fault tolerance ability, etc. [8] .
In studies like [6] - [7] six-phase PMSGs are studied in comparison with three-phase ones using simplified circuit models. The numerical results prove the advantages of sixphase PMSG. Unlike these simplified circuit models, those used in this paper are more complex, based on field-circuit type couplings, being solved by Finite Element (FE) method.
Though a FE analysis of PMSGs supposes a larger CPU time, the computation accuracy is higher, allowing us to detect tooth harmonics, to take into account magnetic nonlinearities and to evaluate the eddy current losses in the rotor (in permanent magnets and rotor core) and the machine efficiency.
FE Model of the Studied Machines
The main reference data of the studied PMSG are the following: rated power 400 W, 10 poles, 36 slots, stator bore diameter 90 mm, stator outer diameter 128 mm, axial length 15 mm, no skewing, Fig. 1 .
The permanent magnets are made of NdFeB ( r = 1.08756, B r = 1.23 T), the stator core is made of electric steel laminations of M600-50A type and the rotor core is made of common solid steel. The eddy current losses in the permanent magnets and in the rotor magnetic core that are due to the magnetic field harmonics in the machine airgap are taken into account by considering these regions as electrically conductive. The electrical resistivity considered for permanent magnets is 1.5
. 10 -6 m and for the rotor steel 0.25 .
10
-6 m. The hysteresis losses in the rotor regions are neglected.
The windings diagram of the six-phase PMSG is shown in Fig. 2 and it has 78 turns/phase and 13 turns/coil. It consists of two star connected three-phase windings electrically shifted with 30°. The stator windings diagram of the three-phase PMSG is detailed in [9] .
The 2D FE computation domain represented by a crosssection through the PMSG and the associated finite element mesh are shown in Fig. 1 . The mesh building process was carefully treated since the PMSG models take into account the eddy current losses in permanent magnets and rotor magnetic core. A precise computation of these losses requires a more refined mesh of these regions toward the machine airgap, Fig. 1 . A limitation in the computation of these losses comes from the very nature of the 2D FE model of the machine that is not able to take into account the 3D effects.
The transient magnetic analysis of the PMSG is based on the following partial differential equation derived from Maxwell's equations [10] :
where A represents the magnetic vector potential,  is the magnetic permeability that is non-liner in the magnetic cores regions, H c is the coercive magnetic field of permanent magnets, J s is the current density (apriori unknown) flowing through the stator windings,  is the electric conductivity of solid conductors (i.e. rotor core and permanent magnets).
The boundary conditions imposed on the outer border of the stator region and on the inner border of the rotor region (towards the machine shaft) are of tangential magnetic field type (B . n = 0). Since the current density J s in (1) is not apriori known, the field models of the PMSGs should be coupled to the associated circuit models of the studied machines, Fig. 3 . Diode bridge rectifiers are connected across the machines terminals for both three and six-phase PMSGs arrangements. The circuits above include the positive/negative sides of the stator phase windings (for three and six-phase structures), the phase resistances, the end winding inductances per phase, several voltmeters (with large value resistances), diodes bridge rectifiers and a resistive load. The values of the load resistor can be modified so as to model various load conditions (e.g. no load, rated load, overload, etc.).
The stator iron losses are modeled by properly sized resistances connected in parallel with the stator coils. These losses are computed by an incremental method. First of all the computations are made for approximate value of these resistances. Then the losses over an e.m.f. cycle are computed in post-processing using the method implemented in Flux software package [10] and the initial values of iron losses resistances are corrected. The diode model includes an ideal diode series connected to a forward voltage source. An RC snubber circuit is connected in parallel to each diode of the rectifier to attenuate eventual voltage transients in the circuit, ensuring thus a better operation of the converter.
Numerical Results
By solving the transient magnetic field problem associated to the PMSG in no-load conditions (without rectifier) we obtained the magnetic field lines and the magnetic flux density chart shown in Fig. 4 . The numerical simulations of the studied PMSGs operation under load conditions were carried out for a resistive load of 9.6  This circuit arrangement can model a simplified battery charging process, the load resistor representing the battery resistance series connected to a current limiting resistor.
By a transient magnetic analysis of the studied PMSGs we obtained the time variations of the rectified voltages and currents shown in Figs. 5 and 6. These results emphasize a far smaller current/voltage ripples in case of six-phase PMSG compared to the case of three-phase PMSG (only 5.74% compared to13.23%). Slightly lower THD values can be noticed in Fig. 9 in case of six-phase PMSG compared to the three-phase PMSG, for both the phase currents (17.13% compared to 17.86%) and line voltages (16.95% compared to 20.60%).
The time variations of the electromagnetic torques for the two studied PMSGs (for the same resistive load of 9.6 ) are presented in Fig. 10 . An important decrease of the torque ripples can be noticed in case of six-phase machine compared to the three-phase machine (3.57% compared to 13.23%). Smaller torque ripples represents an advantage in the exploitation of the PMSG since they determine smaller mechanical vibrations and a longer bearings lifetime. The evaluation of PMSG efficiency is computed using the formula:
where P 1 is the mechanical power received by the generator at the rotor shaft from the prime mover, and P 2 is the active power delivered by the machine.
The input power P 1 is computed by multiplying the machine torque with the rotor angular speed. The active power P 2 can be computed based on the following formula:
  P 2 = P 1 -P m -P ed -P Js -P Fe (3) where P m represents the mechanical losses, P Js the Joule losses in the stator windings, P ed the eddy current losses in the permanent magnets and rotor core, P Fe the iron losses in the stator core. The mechanical losses P m of each of the two PMSGs are estimated at about 10 W. The hysteresis losses in the rotor part are neglected.
The power losses and the efficiency for both studied PMSGs are presented in Table I for the same resistive load of 9.6  connected across the rectifier terminals. We can notice that the efficiencies of the two machines are comparable, slightly higher in case of the six-phase PMSG. The distribution of eddy currents in particular regions of the permanent magnets and of the rotor core are shown in Fig. 11 . These simulation results are useful to emphasize the rotor regions with high induced power densities that may generate local hot spots. Even though the losses in the permanent magnets and rotor core are not so important in our case, they can be much larger in case of PMSG with higher harmonics magnetic fields in the airgap region (e.g. for fractional-slot windings). The overheating produced by such hot spots in case of PMSG with permanent magnets directly glued on the rotor surface may entail even their ungluing, especially if the machine is characterized by high torques. 
Experimental Results
The experimental studies are limited only to the threephase PMSG equipped with a diode rectifier and a resistive load. The experimental setup includes an inverter fed induction motor, a three-phase PMSG, a diode rectifier, load rheostats, etc. The experimental measurements are carried out using a Tecktronix digital oscilloscope with 4 channels and several voltage and current sensors, Fig. 12 . The numerical and experimental results are presented comparatively in Fig. 13 . A good agreement can be noticed between the numerical and experimental results. Typical higher noise level can be remarked in case of experimental results, especially in case of recorded currents, Fig. 13 b) .
Conclusion
This paper presents a detailed comparative analysis of three-phase and six-phase PMSGs. The numerical analysis results emphasize the behavior of both PMSGs structures when operating in load conditions.
The results show that the phase currents and line voltages in case of three-phase PMSG have a slightly larger harmonic content (larger THD values) compared to the six-phase PMSG. The electromagnetic torque ripples are also much larger in case of three-phase PMSG.
The eddy current losses, the copper losses and the iron losses are slightly larger in case of three-phase PMSG compared to the six-phase machine. The efficiencies of the two machines are comparable, slightly larger in case of the six-phase PMSG.
A part of the numerical results were experimentally validated by laboratory measurements. The agreement between the numerical and experimental results is good.
